The human genome is composed not only of DNA sequences coding for genes but also of a significant amount of noncoding or "junk" DNA. However, this noncoding DNA is not a static collection of insignificant DNA sequences. There appears, rather, to be a state of genome flux occurring among these sequences even in the span of a single human generation. Genome evolution models involving gene duplication and exon shuffling have been bolstered by the identification of active L1 elements in the human genome that can transpose not only portions of their own open reading frames but also fragments of surrounding coding sequence to new locations (Kzazian and Moran 1998). Short pericentromeric repeats on both human and other primate chromosomes may be involved in the transposition of duplicated exons or even entire genes to new locations (Eichler et al. 1997) . In addition to these possibilities, the most extensively documented method of gene sequence rearrangement in the genomes of eukaryotes is homologous recombination. This kind of rearrangement is often mediated by region specific low-copy repeated sequences (Lupski 1998) . Analysis of a well-documented hotspot for homologous recombination in the human genome revealed the presence of a mariner DNA transposon near the site of strand exchange for this recombination event (Kiyosawa and Chance 1996; Reiter et al. 1996) . It was proposed that this element, and possibly copies of it located elsewhere in the genome, could be involved in the stimulation of homologous recombination among repeated sequences through the introduction of double-strand breaks in DNA near the region of strand exchange (Kiyosawa and Chance 1996; Reiter et al. 1996 Reiter et al. , 1998 .
The presence of mariner DNA transposons of the irritans subfamily (Hsmar2) in the human genome is a rather recent discovery (Oosumi et al. 1995; Kiyosawa and Chance 1996; Reiter et al. 1996; Robertson and Martos 1997) . Multiple copies of Hsmar2 elements have been identified in the EST (dbEST), nonredundant (nr), and high-throughput genomic sequencing (htgs) databases (Robertson and Martos 1997) . Many of these copies are deleted for one inverted terminal repeat (ITR) and, therefore, are unlikely to bind a transposase, which appears to require two ITRs in concert for binding and cleavage. Although these elements appear to be inactive remnants of a functional mariner that entered the primate lineage some 80 million years ago, studies of homologous recombination at the Charcot-Marie-Tooth disease type 1A locus on chromosome 17p12 suggest that the presence of an Hsmar2 element within two flanking 24-kb repeats (CMT1A-REP) may stimulate unequal crossing-over events between misaligned CMT1A-REP elements (Kiyosawa and Chance 1996; Reiter et al. 1996 Reiter et al. , 1997 Reiter et al. , 1998 . These unequal crossing-over events can be resolved as either a 1.5-Mb duplication resulting in Charcot-Marie-Tooth disease or a 1.5-Mb deletion resulting in hereditary neuropathy with liability to pressure palsies (Pentao et al. 1992; Chance et al. 1994) . Chromosomal duplications and deletions mediated by large region-specific low-copy-number repeats may prove to be a common mechanism of chromosomal rearrangement leading to disease in the human genome (Lupski 1998) and have been implicated in the molecular mechanisms of a growing number of human genetic disorders such as Smith-Magenis syndrome (Chen et al. 1997) , PraderWilli/Angelman syndrome (PWS/AS) (Christian et al. 1995; Robinson et al. 1998) , and Williams-Bueren syndrome (WS) (Urban et al. 1996; Pérez Jurado et al. 1998) . Although a direct role for mariner elements in initiating recombination via the stimulation of doublestrand breaks remains unclear, we were interested in determining if other Hsmar2 elements containing both a left and right ITR could be found at sites in the human genome where structural changes occur by an unequal crossing-over mechanism. To determine the genomic locations of elements containing both a left and right ITR among the ∼1000 copies of Hsmar2 in the human genome we localized these elements to specific chromosomal bands by primed in situ (PRINS) labeling.
RESULTS

Identifying the Locations of Hsmar2 Elements in the Human Genome
To locate Hsmar2 elements in the human genome we designed 50-bp oligonucleotides from the 3Ј and 5Ј ends of the consensus sequence for Hsmar2 (GenBank accession no. U49974). These oligonucleotides were used as primers for the fluorescence in situ hybridization (FISH)-related technique known as PRINS (Luke and Shepelsky 1998) . The oligonucleotides were annealed to a male human metaphase chromosomal spread and extended with a mixture containing biotinlabeled deoxy-uracil triphosphate ( d U T P ) . T h e b i o t i n -l a b e l e d nucleotides were then detected using a thyramid detection system and viewed under the fluorescence microscope (Fig. 1A) . Each chromosome was analyzed independently from 15 different chromosomal spreads to determine the number of signals per chromosome and their positions. Figure 1B shows this type of analysis for chromosome 17, which contains the CMT1A-REP region, the location of the element we previously called MITE for mariner insect transposon-like element. A total of 109 signals were detected using the left ITR oligonucleotide and 108 signals using the right ITR oligonucleotide. These signals are visually summarized in Figure 1C as the culmination of all signals detected on each chromosome. Note that the transposable elements appear to be spread evenly throughout the genome. This is apparent both by visual inspection of integration sites (Fig. 1C) and by correlation of the number of signals per chromosome with chromosome length. However, no elements were detected on the Y chromosome by this method. Table 1 summarizes the cytogenetic locations of all 109 positions of signals detected by PRINS, presumably representing one or more Hsmar2 elements, using both the left and right ITR oligonucleotide primers.
To demonstrate that the PRINS technique allows the detection of both repeated and unique sequences, control experiments were performed using a telomere- specific oligonucleotide and a chromosome X-specific oligonucleotide. The telomere-specific oligonucleotide detected only the telomeric repeat regions of all human chromosomes ( Fig. 2A) whereas the X chromosome-specific oligonucleotide only detected a region on the X chromosome (Fig. 2B) .
BLAST Searches and Genomic Disorders
As an independent confirmation of the ability to detect complete Hsmar2 elements by the PRINS technique, BLASTN searches were performed using the 50-bp left and right ITR oligonucleotides against the current nonredundant nucleotide database. Thirteen matches were identified in this database by BLASTN (Table 1, bold) . These matches contained a left and right ITR and extended at least 22-bp with a perfect match for the last four 3Ј-end bases. These criteria were presumed to be enough homology to promote priming and extension. Only 2 of the 13 Hsmar2 elements detected by the BLASTN searches were not also detected by PRINS (Table 1, parentheses) . Interestingly, within the limits of resolution of the technique (∼400 chromosomal Giemsa bands) the locations of PRINS signals coincide with the chromosomal map locations of twelve known genomic disorders that result from a homologous recombination event within misaligned repeated 
The locations of PRINS signals illustrated in Fig. 1C are summarized, as well as the locations of Hsmar2 elements detected by BLASTN searches of the nonredundant nucleotide database. Loci detected by PRINS alone are plain text, by BLASTN are boldface, and by BLASTN alone are in parentheses. The one PRINS signal that was detected by the left but not the right ITR oligonucleotide is underlined.
Figure 2 Confirmation of the PRINS technique specificity. (A)
Telomere-specific signals. A 50-bp oligonucleotide designed to anneal to the repeated sequences of human telomeres was used for PRINS on a female human metaphase chromosomal spread.
The green PRINS signals were detected at the telomeres of all human chromosomes. (B) X chromosome centromere-specific signal. A 50-bp oligonucleotide designed to anneal to a portion of the human X chromosome located at the centromere was used for PRINS on a female human metaphase chromosomal spread. Only two green PRINS signals were detected. These signals were located at the centromeres of the X chromosomes. 
DISCUSSION
We have demonstrated by PRINS that multiple copies of the mariner element Hsmar2 are spread throughout the human genome. At least 108 of these copies appear to contain both a left and right inverted terminal repeat (Table 1 ). The genomic locations of these elements were easily identified by PRINS prior to the completion of the human genome project. Although there is still no direct evidence for the involvement of mariner elements in the stimulation of homologous recombination in humans, we provide here some preliminary evidence that the locations of these elements may coincide with at least 12 locations where homologous recombination is the proposed molecular mechanism responsible for the human disease phenotypes (Table 2 ). It should be noted, however, that at this resolution the correlation between Hsmar2 elements and genomic disorders is not statistically significant. Further studies of the submicroscopic regions containing the elements identified in this study will be necessary to determine if mariner has a role in promoting homologous recombination in humans.
The Hsmar2 element previously called MITE (Reiter et al. 1996) was identified in the CMT1A region (17p12). In addition, an Hsmar2 element was identified in the PWS/AS region (15q13) where large deletions are also a common disease mechanism (Christian et al. 1995; Robinson et al. 1998 ) and in the WS region (7q11) where flanking repeat sequences have been implicated as a molecular mechanism for disease (Urban et al. 1996; Pérez Jurado et al. 1998) . Further studies of these traveling mariner genes in the human genome may not only illuminate our understanding of how molecular rearrangements involving repeated DNA sequences can cause human disease but also may reveal the manner in which the genome itself continues to evolve.
METHODS PRINS Labeling and Detection
Primers used for PRINS analysis were designed based on the published consensus sequence for Hsmar2 constructed by Hugh Robertson (accession no. U49974). The left ITR primer begins at the 5Ј end of Hsmar2 and ends at base 50 of the consensus sequence whereas the right ITR primer was designed from the complementary strand of Hsmar2 beginning at base 1309 and ending 50 bases internal to the element at base 1279. Primers designed to the open reading frame of the Hsmar2 element were not used because this region is highly variable among the elements examined in the databases. Peripheral blood lymphocytes from a healthy male donor were used for PRINS analysis using the left and right ITR oligonucleotides. Lymphocytes from a healthy female donor were used for the X-chromosome and telomere-specific oligonucleotides. Cells in metaphase were denatured on microscope slides in denaturation solution (80 µl of deionized formamide, 10 µl of ddH 2 0, 10 µl of ‫ן02‬ SSC) covered with a 24 ‫ן‬ 50-mm coverslip and heated to 75°C on a heating plate for 5 min. The coverslip was then removed and the slides were subjected to a series of ethanol washes (70%/90%/100%) and air dried. The 50-µl PRINS reaction solution was then added to each slide: 3 µl each of 10 mM dATP, dCTP, and dGTP; 1 µl of 10 mM dTTP; 3 µl of 10 mM biotin-dUTP; 1 µl of 1 pm/µl primer; 1 µl ‫ן01‬ BSA; 2 µl 25 mM MgCl 2 ; 0.5 µl Thermus aquaticus (Taq) polymerase; ‫ן01‬ Taq polymerase buffer; 27.5 µl ddH 2 0. All reagents were from Pharmacia except for biotindUTP and BSA (Boehringer Mannheim). Slides were then sealed with a coverslip and rubber cement by warming to 40°C. Incorporation of labeled dUTP was accomplished by initial denaturation of the DNA for 5 min at 94°C followed by a 50-min annealing/extension period at 58°C for the ITR primers, 55°C for the telomere specific primer, and 60°C for the X-chromosome primer. The reaction was stopped by removing the cover slip and soaking the slides at 60°C in 500 ml of stop solution (50 mM EDTA, 5 mM NaCl in ddH 2 0). Detection of the biotin labeled oligonucleotides was performed us- ing the thyramid detection system (TSA-Kit; MEL731A, NENDupont) according to the manufacturer's instructions. Metaphase spreads were counterstained with DAPI (diamidinophenylindol) solution, 20 µl of the antifade Vectashield (Vectorlabs) was added to the slide, and it was covered with a coverslip. An enhanced DAPI banding pattern was derived by 5-bromo-2-deoxyuridine (BrdU) incorporation into the chromosomes during cultivation of the lymphocytes used for PRINS (Heng and Tsui 1993) . The DAPI banding pattern indicated the exact subchromosomal localizations of the probes. Evaluation was done on a Zeiss Axioplan fluorescence microscope and pictures were taken using a CCD-camera and the software of MetaSystems (Altlussheim, Germany).
